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ABSTRACT 
The purpose of this study is to investigate the effect of water-to-binder ratio (w/b), air content, 
and type of cementitious materials on fresh and hardened properties of binary and ternary 
blended concrete mixtures in pavements. In this experimental program, a total matrix of 54 
mixtures with w/b of 0.40 and 0.45; nominal air content of 2%, 4% and 8%; and three types of 
supplementary cementitious materials (SCMs) and one ordinary portland cement at different 
combinations was prepared. Binder systems included ordinary portland cement, binary mixtures 
with slag cement, Class F and C fly ash, and ternary mixtures containing a combination of slag 
cement and one type of fly ash. Workability, total air content, air-void system parameters (i.e., 
spacing factor and specific surface) in fresh concrete, setting time, compressive strength, surface 
resistivity, and shrinkage were determined. 
Test results showed that ternary mixtures followed the trends of their constituent 
materials. Binary and ternary mixtures containing Class C fly ash and slag cement exhibited 
higher compressive strength than the control mixture. The surface resistivity and shrinkage 
results of binary and ternary mixtures were equal or improved compared to the control mixture. 
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CE Database subject headings: Construction materials; Concrete; Portland cement; Slag; 
Fly ash; Durability; Compressive strength. 
 
INTRODUCTION 
 
Cement is the most expensive component in concrete. The production of cement emits 
approximately 5% of global carbon dioxide (CO2) and consumes 5% of global energy (Hendriks 
et al. 2004). Therefore, using cement more efficiently will be beneficial in improving 
sustainability. Cement content can be reduced by replacing a portion of it with supplementary 
cementitious materials (SCMs), which are generally less expensive and more environmentally-
friendly (Rupnow 2012, Udoeyo et al. 2012, Hariharan et al. 2011). In addition to these benefits, 
most SCMs generally: 1) improve the workability of concrete and decrease the tendency to bleed 
and segregate by enhancing the packing density due to their lower specific gravity depending on 
the SCM type (it should be noted that not all of the SCM types have a positive effect on  
workability. For example, silica fume tends to increase the water requirement due to its small 
particle size; whereas, fly ashes are known to improve the workability); 2) reduce pore size and 
the porosity of both cement matrix and the interfacial transition zone (ITZ), thereby increasing 
performance; and 3) increase ultimate durability in terms of decreasing permeability and 
increasing resistance to thermal cracking and alkali-aggregate expansion as a result of the 
pozzolanic reaction (Liu et al. 2012, Bagheri and Zanganeh 2012, Megat Johari et al. 2011).  
On the other hand, incorporating high amounts of a single type of SCM (binary mixtures) may 
have negative side-effects such as extended setting time (Bleszynski et al. 2002, Khan et al. 
2000). In such cases, a possible solution is to use a ternary mixture which is a combination of 
three cementitious materials that are blended to balance fresh properties, durability, strength, and 
economy (Schlorholtz 2004).  
In addition to SCM, air content and water-to-binder ratio (w/b) also affect concrete 
properties. For example, as w/b decreases, the porosity of the paste decreases, and concrete 
becomes less permeable thereby resulting in increased strength and enhanced durability 
(Wassermann et al. 2009, Dhir et al. 2004). Therefore, ACI 318 (2011) recommends a w/b of no 
greater than 0.45 for concretes subjected to moderate and severe exposures to freezing and 
thawing (F-T), and exposed to deicing chemicals.  
Having a good air-void system increases durability when concrete is subjected to the F-T 
conditions; and improves the workability and consistency of concrete mixtures by increasing the 
paste volume, for a given w/b (Kosmatka et al. 2008, Taylor et al. 2006). However, depending on 
its form, air (particularly the large voids) can adversely affect durability by increasing 
permeability (Kropp and Hilsdorf 1995); and reducing strength due to the increased porosity. A 
common rule of thumb is that for each 1% of air by volume, strength decreases approximately by 
5% (Soutsos 2010). However, in mixtures with low w/b and cement content, entrained air is 
believed to improve the strength by improving the ITZ (Mehta and Monteiro 2006). 
Despite the published studies and increased interest in ternary blended concretes, limited 
information is available about the optimum balance of SCMs along with their interactivity 
between w/b and air content. The purpose of this study is to develop data to help quantify how 
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changes in the air content, w/b, and type and replacement level of SCMs influence the properties 
of binary and ternary concrete mixtures.  
Engineers and contractors are cautious about using ternary blended concrete mixtures due 
to the practical limitations and possible side effects such as low-early strength, increased plastic 
shrinkage cracking, and extended curing time. This paper aims to address those assumptions by 
providing comparative information regarding the effects of mix characteristics on fresh and 
hardened properties of plain concrete, binary, and ternary blended concrete mixtures used for 
pavements.  
 
MATERIALS AND METHODS 
 
Cementitious Materials 
 
A single batch was obtained of each of ASTM C150 (2012) Type I ordinary portland cement, 
ASTM C618 (2012) Class F fly ash, ASTM C618 (2012) Class C fly ash and ASTM C989 
(2012) Grade 120 slag cement. The chemical composition of the cementitious materials is 
presented in Table 1. 
 
Table 1. Chemical composition of cementitious materials, percentage by mass 
Oxides 
Ordinary 
portland 
cement 
Class 
F fly 
ash 
Class 
C fly 
ash 
Slag 
cement 
Silicon dioxide (SiO2) 20.13 52.10 36.70 37.60 
Aluminum oxide (Al2O3) 4.39 16.00 20.10 9.53 
Ferric oxide (Fe2O3) 3.09 6.41 6.82 0.44 
Calcium oxide (CaO) 62.82 14.10 23.30 40.20 
Magnesium oxide (MgO) 2.88 4.75 4.92 11.00 
Sulfur trioxide (SO3) 3.20 0.59 1.88 1.14 
Potassium oxide (K2O) 0.57 2.36 0.48 0.44 
Sodium oxide (Na2O) 0.10 1.72 1.62 0.45 
Loss on ignition 2.55 0.09 0.25 0.00 
 
 
Aggregates 
 
No.4 (4.75-mm) nominal maximum size river sand and 25.4-mm nominal maximum size crushed 
limestone were used in the study. 
The ratio of fine-to-total aggregate ratio was fixed to remove the aggregate gradation as a 
variable from the experimental matrix. The mixtures provided the best-fitting combination with 
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the fine aggregate-to-total aggregate ratios of 0.45, 0.42 and 0.39 in FHWA 0.45 power curve 
(Bureau of Public Roads 1962), Shilstone workability factor chart and specific surface charts, 
respectively (Fig. 1a-c). The fine aggregate-to-total aggregate ratio was selected as 0.42 based on 
the average after assessing these three charts. The appropriateness of the selected ratio of 0.42 
was checked by plotting the data in an ASTM C33 (2013) plot (Fig. 1d) and a “Haystack” plot 
(Fig. 1e). The Haystack plot did not present an ideal combination, but was the best combination 
that could be achieved with the materials available. While not ideal, this type of gradation is 
common in many construction sites, and is therefore an appropriate combination for this research 
study.   
 
 
Fig. 1. Combined aggregate gradation curves: (a) FHWA 0.45 power curve chart; (b) shilstone workability factor chart; (c) 
specific surface chart; (d) ASTM C33 plot; (e) haystack plot 
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The paste-to-voids volume ratio was calculated by calculating the paste volume of 
concrete mixtures and dividing that value by the volume of voids between the combined 
consolidated aggregates. The void of the combined aggregate system was determined following a 
similar procedure as the ASTM C29 (2009). The difference between the ASTM C 29 and the 
procedure followed in this study is that ASTM C29 calculates the void content for a single 
aggregate type (either for fine or coarse aggregate individually) whereas this study applied the 
same principle provided in ASTM C29 on combined aggregate system based on the fine 
aggregate-to-total aggregate ratio that was selected. The rest of the testing and void content 
calculations were conducted following the rodding procedure provided in the ASTM C29.  The 
void percentage of the combined aggregates was kept constant at19.8% (average value of three 
repeats) for all the mixtures based on the selected fine-to-total aggregate ratio of 0.42.  
  The unit weight of the combined aggregates was measured in accordance with ASTM 
C29. The overall bulk unit weight of the combined aggregates was 2098 kg/m3. The specific 
gravity and absorption of the coarse and fine aggregates were determined using ASTM C127 
(2012) and ASTM C128 (2012), respectively.  The saturated surface dry (SSD) specific gravity 
and the absorption values of the coarse aggregates were 2.67 and 0.93%, respectively. The SSD 
specific gravity and the absorption values of the fine aggregates were 2.62 and 1.07%, 
respectively.  
 
Mix design 
 
In this experimental program, a total matrix of 54 mixtures was prepared. A fixed cementitious 
content of 356 kg/m3 was used for all mixtures. The fine aggregate-to-total aggregate ratio was 
selected as 0.42 based on data from the combined aggregate gradation charts as discussed in the 
aggregate section. The binder combination, air content, and w/b were selected as variables and 
are presented in Table 2.  
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Table 2. Variables 
w/b 
0.40 
0.45 
Air content (%) 
2 
4 
8 
Binder combinations 
100% portland cement (P) 
15% Class F fly ash (F) and 85% P 
15% Class C fly ash (C) and 85% P 
20% slag cement (SL) and 80% P 
30% F and 70% P 
30% C and 70% P 
40% SL and 60% P 
20% F, 20% SL, and 60% P 
20% C, 20% SL, and 60% P  
 
ASTM C494 (2010) Type F polycarboxylate based high-range water-reducing admixture 
was used where necessary to achieve target slump. A tall-oil based synthetic air entraining 
admixture was used to achieve the target air content. The target air content of 2% was chosen to 
represent entrapped air only, 4% was selected as it represents concrete pavements having 
minimum limit for F-T conditions, and 8% was chosen to represent a typical air content for F-T 
conditions in concrete pavements. 
 
Specimens and testing 
 
For each mixture, nine cylinders (100x200-mm) and three beams (76x76x279-mm) were 
prepared. Mixtures were prepared in accordance with ASTM C 192 (2012). Specimens were 
prepared in accordance with ASTM C31 (2012) and stored under plastic sheeting until the 
samples were demolded after 24 hours, and moist cured in a fog room at 100% relative humidity 
and 23 °C until tested. The tests conducted are given in Table 3.  
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Table 3. Test matrix 
Fresh Property Method # of Tests Age (days) 
Slump ASTM C143 1 - 
Air content ASTM C231 1 - 
Air void system Air void analyzer (AVA) 2 - 
Setting time ASTM C403 1 - 
Hardened Property Method # of Specimens Age (days) 
Compressive strength ASTM C39 3 28 
Surface resistivity  AASHTO TP-95 3 56 
Shrinkage ASTM C157 3 28 
 
RESULTS AND DISCUSSION 
 
Workability 
 
Workability was investigated using the slump test in accordance with ASTM C143 (2012). The 
results are depicted in Figure 2. According to Figure 2, when w/b was kept constant, the effect of 
air content was very minor in binary concretes containing Class C fly ash and slag cement. For a 
given w/b, increasing the replacement dosage of Class F fly ash increased the workability of 
binary mixtures. This result is not surprising because Class F fly ash particles would be expected to 
reduce the inter-particle friction in the mixtures, and improve workability (Kosmatka et al. 2008). 
The highest slump (280-mm) was obtained by binary mixtures having 15% and 30% of Class F 
fly ash at 8% nominal air content. In binary mixes, slag concrete had a higher water demand 
compared to the control concrete as it reduced workability. The water demand of the ternary 
mixtures containing slag cement and Class F fly ash was found to be higher than that of the 
binary fly ash concrete, and lower than the binary slag concrete. The Class C fly ash mixtures 
were somewhat improved, while the ternary mixtures followed the trends of their constituent 
materials. For both binary and ternary mixtures, increasing w/b from 0.40 to 0.45 increased 
workability, as expected. However, there was little effect with changing SCM type at the lower 
w/b. This effect of SCMs was more marked in mixtures with higher water contents.  
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Fig. 2. Effects of w/b, SCM dosage, and nominal air content on slump 
 
Air-void system 
 
The air-void analyzer (AVA) test was conducted to determine the air-void system of the fresh 
concrete mixes. AVA is a portable device that measures the entrained air void structure (air 
content, spacing factor, and specific surface) of fresh concrete. The working principle of AVA is 
measuring time rate of air loss from a mortar sample mixed into a liquid. The rate of bubble rise 
through the liquid is calculated using the Stoke’s law. The effect of the nominal air content, w/b 
and SCM dosage on the air-void system is presented in Figure 3 and Table 4. 
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Fig. 3. Plots of spacing factor versus w/b, SCM dosage, and nominal air content 
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Table 4. AVA test results 
Target air content: 2% 
SCM type & replacement level Mix ID Cement (pcy) 
F Ash 
(pcy) 
C Ash 
(pcy) 
Slag 
(pcy) 
Water 
(pcy) w/b 
Vpaste/ 
Vvoids 
Spacing 
Factor 
(mm.) 
Portland cement only 40_P_2 600  0  0  0 240 0.40 197.00 1.266 
Portland cement only 45_P_2 600  0  0  0 270 0.45 217.40 1.676 
15% F fly ash 40_15F_2 510 90  0  0 240 0.40 191.34 1.398 
30% F fly ash 40_30F_2 420 180  0  0 240 0.40 198.28 1.161 
15% F fly ash 45_15F_2 510 90  0  0 270 0.45 211.92 0.193 
30% F fly ash 45_30F_2 420 180  0  0 270 0.45 213.09 0.908 
15% C fly ash 40_15C_2 510  0 90  0 240 0.40 205.41 1.293 
30% C fly ash 40_30C_2 420  0 180  0 240 0.40 201.44 1.611 
15% C fly ash 45_15C_2 510  0 90  0 270 0.45 208.22 2.101 
30% C fly ash 45_30C_2 420  0 180  0 270 0.45 211.77 1.481 
20% Slag cement 40_20SL_2 480  0  0 120 240 0.40 196.46 1.578 
40% Slag cement 40_40SL_2 360  0  0 240 240 0.40 200.83 1.131 
20% Slag cement 45_20SL_2 480  0  0 120 270 0.45 214.26 1.362 
40% Slag cement 45_40SL_2 360  0  0 240 270 0.45 216.78 1.479 
20% Class F ash & 20% Slag cement 40_T1_2 360 120  0 120 240 0.40 192.14 1.985 
20% Class C ash & 20% Slag cement 40_T2_2 360  0 120 120 240 0.40 193.72 1.689 
20% Class F ash & 20% Slag cement 45_T1_2 360 120  0 120 270 0.45 217.39  Failed 
20% Class C ash & 20% Slag cement 45_T2_2 360  0 120 120 270 0.45 211.38 2.114 
 
  The commonly accepted rule of thumb for a good air-void system requires a spacing 
factor less than 0.2-mm measured using ASTM C457 (2012) which is tested on hardened 
concrete. Although test results obtained based on ASTM C457 correlate closely with AVA 
results, recent studies (Wang et al. 2009, Wang 2008) have shown that concrete with a spacing 
factor of less than 0.3-mm when measured by AVA would be equivalent and acceptable for F-T 
durability. Therefore, the AVA test results were evaluated according to the acceptance criterion 
of the spacing factor of <0.3-mm. Based on this criterion, Figure 3 shows that mixes designed to 
have a 2% of air content do not meet the requirement. In addition, some of the mixes having a 
nominal air content of 4% had a spacing factor less than 0.3-mm. This is in agreement with the 
experience that 4% total air traditionally exhibits marginal performance in the field. Furthermore, 
excluding a few mixtures, most of the mixes having a nominal air content of 8% had a spacing 
factor less than 0.3-mm, as desired.  
  Little difference is seen in respect to the effect of w/b on relationship between spacing 
factor and nominal air content, except perhaps more scatter is seen in the higher w/b system. The 
effects of the inclusion of SCMs on the air-void system of binary and ternary mixtures could not 
be established as there was no obvious trend. 
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Setting time 
 
The final setting times were recorded and presented in Figure 4. The addition of both Class C 
and Class F fly ashes increased the setting time compared to the control mixture, likely as a 
result of their dilution effect due to the partial substitution of cement with a less reactive material 
(Fajun et al.1985). However, among all the mixtures, binary concretes containing Class C fly ash 
exhibited the highest retarding effect. The increase in time of mixtures with Class C fly ash is 
greater than the increases caused by the Class F fly ash likely due its effects on the sulfate 
balance of the system. Therefore, mixtures containing Class C fly ash could be used in hot-
weather concrete pavements as the addition of it may help lowering the rate of setting. 
 
 
Fig. 4. Effects of w/b, SCM dosage, and nominal air content on final setting time 
 
  On the other hand, the addition of slag cement resulted in similar setting times to the 
control mixture. This result is consistent with the literature (Tikalsky et al. 2011). The ternary 
mixtures also slightly retarded the setting time consistent with the effects of their ingredients. 
Increasing the nominal air content and w/b did not play a significant role on affecting the setting 
time. Considering the retarding effect of most of the SCMs, especially Class C and F fly ash, 
should be wisely used where extreme weather conditions would be an issue as they may result in 
further increasing the setting time of concrete pavements in cold weather.  
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Compressive strength 
 
The 28-day strength data is presented in Figure 5. Increasing the air content decreased the 
compressive strength, as expected. According to the test results, a strength loss of about 3.5% 
occurred per unit air increase across the full spectrum of materials tested.  This is consistent with 
the literature (Soutsos 2010). 
 
 
Fig. 5. Effects of w/b, SCM dosage, and nominal air content on 28-day compressive strength 
 
  As expected, increasing w/b from 0.40 to 0.45 decreased compressive strength for similar 
systems. The binary mixtures containing Class C fly ash exhibited similar strengths to the control 
mixtures at 28-day. However, due to the slow pozzolanic reactivity of Class F fly ash, the binary 
mixtures containing Class F fly ash exhibited lower 28-day compressive strength compared to 
the control mixtures. However, increasing the fly ash replacement dosage from 15% to 30% did 
not significantly affect the compressive strength. For a given w/b and nominal air content, 
increasing the slag cement replacement dosage increased the 28-day compressive strength 
(Hooton 2000). Ternary mixtures containing Class F fly ash and slag cement exhibited higher 
strength than the binary mixtures with Class F fly ash, due to the contribution made by slag 
cement. Ternary mixtures containing Class C fly ash and slag cement resulted in higher 
compressive strength than the ternary mixtures with Class F fly ash and slag cement. Ternary 
mixtures overall exhibited slightly higher strength than the control mixtures. 
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Surface resistivity 
 
Concrete surface resistivity is the ability of concrete to oppose the movement of electrons (Smith 
et al. 2004). The higher the electrical surface resistivity, the more difficult it is for electrons to 
travel through the concrete, thus the lower the permeability.  
  The 56-day surface resistivity data is presented in Figure 6. Concrete mixtures overall 
benefited from the addition of SCMs because their 56-day surface resistivity results were equal 
or higher than the control mixture, depending on the type and amount of the SCMs used.  For a 
given w/b, increasing the replacement dosage of Class F fly ash increased the resistivity of 
binary mixtures, while binary mixtures with Class C fly ash exhibited similar results as control 
mixtures. Binary mixtures with slag cement exhibited the highest resistivity amongst all the 
tested mixtures.  For a given w/b, increasing the replacement dosage of slag cement further 
increased the resistivity of binary mixtures. This is likely due to the effect of slag cement on 
increasing the density of the microstructure and blocking capillary pores with secondary 
hydration products which results in reducing the porosity of the ITZ, thus decreasing the overall 
permeability compared to the control mixture (Wee et al. 2000; Hooton 2000; Bijen 1996). 
Ternary mixtures with Class F fly ash and slag cement showed higher resistivity than the ternary 
mixtures with Class C fly ash and slag cement. This is due to the Class F fly ash being more 
pozzolanic than Class C fly ash with a greater portion of the ash being in the glass phase 
(Rupnow 2012). 
 
 
Fig. 6. Effects of w/b, SCM dosage, and nominal air content on 56-day surface resistivity 
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  Increasing w/b from 0.40 to 0.45 overall decreased the surface resistivity slightly, likely 
as a result of the increased capillary porosity. 
 
Shrinkage 
 
The 28-day shrinkage results are presented in Figure 7. Both binary and ternary mixture results 
showed shrinkage results that were slightly higher or lower than the control mixtures, however 
the difference was mostly comparable. This result indicates that ternary mixtures will be not be 
dramatically prone to shrinkage cracking compared to the control mixtures. 
 
 
Fig. 7. Effects of w/b, SCM dosage, and nominal air content on 28-day shrinkage 
 
  When one parameter is kept constant, increasing w/b or air content slightly increased the 
shrinkage due to the increased paste volume. This result is expected since shrinkage is affected 
by the volume of cement paste in concrete (Hale et al. 2008, Hooton 2000). Since the paste 
volume was not significantly different for all, the shrinkage for all mixtures would not have been 
expected to be dramatically different (Hale et al. 2008). Therefore, changing the SCM type 
and/or dosage did not significantly affect the shrinkage of binary and ternary mixtures. 
 
Performance Evaluation 
 
The test results have been analyzed to evaluate the performance of binary and ternary mixtures 
by comparing the results based on the followed standards’ recommendations. When a 
recommendation or guideline is not available, control mixtures were used as reference to 
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evaluate the effect of adding SCMs on concrete properties. The results are summarized in Table 
5.  
 
Table 5. Performance evaluation 
No Mix ID Cement (pcy) 
F 
Ash 
(pcy) 
C 
Ash 
(pcy) 
Slag 
(pcy) 
Water 
(pcy) w/b Slump AVA 
Setting  
time 
28-day  
Strength 
56-day 
Surface 
Resistivity 
28-day  
Shrinkage 
1 40_P_2 600 0 0 0 240 0.40  X Control Control High perm. Control 
2 40_P_4 600 0 0 0 240 0.40  X Control Control Moderate Control 
3 40_P_8 600 0 0 0 240 0.40  X Control Control High perm. Control 
4 45_P_2 600 0 0 0 270 0.45 X X Control Control High perm. Control 
5 45_P_4 600 0 0 0 270 0.45 X X Control Control High perm. Control 
6 45_P_8 600 0 0 0 270 0.45 X  Control Control High perm. Control 
7 40_15F_2 510 90 0 0 240 0.40  X   Moderate  
8 40_15F_4 510 90 0 0 240 0.40     Moderate  
9 40_15F_8 510 90 0 0 240 0.40 X    Moderate  
10 45_15F_2 510 90 0 0 270 0.45 X    Moderate  
11 45_15F_4 510 90 0 0 270 0.45 X X   Moderate  
12 45_15F_8 510 90 0 0 270 0.45 X    Moderate  
13 40_30F_2 420 180 0 0 240 0.40  X   Low perm.  
14 40_30F_4 420 180 0 0 240 0.40     Low perm.  
15 40_30F_8 420 180 0 0 240 0.40 X    Low perm.  
16 45_30F_2 420 180 0 0 270 0.45 X X   Low perm.  
17 45_30F_4 420 180 0 0 270 0.45 X    Low perm.  
18 45_30F_8 420 180 0 0 270 0.45 X X   Moderate  
19 40_15C_2 510 0 90 0 240 0.40  X   Moderate  
20 40_15C_4 510 0 90 0 240 0.40 X    Moderate  
21 40_15C_8 510 0 90 0 240 0.40     Moderate  
22 45_15C_2 510 0 90 0 270 0.45 X X   High perm.  
23 45_15C_4 510 0 90 0 270 0.45 X X   High perm.  
24 45_15C_8 510 0 90 0 270 0.45 X    High perm.  
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Table 5. Performance evaluation (cont.) 
No Mix ID Cement (pcy) 
F 
Ash 
(pcy) 
C 
Ash 
(pcy) 
Slag 
(pcy) 
Water 
(pcy) w/b Slump AVA 
Setting  
time 
28-day  
Strength 
56-day 
Surface 
Resistivity 
28-day  
Shrinkage 
25 40_30C_2 420 0 180 0 240 0.40  X   Moderate  
26 40_30C_4 420 0 180 0 240 0.40     Moderate  
27 40_30C_8 420 0 180 0 240 0.40     Moderate  
28 45_30C_2 420 0 180 0 270 0.45 X X   Moderate  
29 45_30C_4 420 0 180 0 270 0.45 X    Moderate  
30 45_30C_8 420 0 180 0 270 0.45 X    Moderate  
31 40_20SL_2 480 0 0 120 240 0.40  X   Moderate  
32 40_20SL_4 480 0 0 120 240 0.40  X   Moderate  
33 40_20SL_8 480 0 0 120 240 0.40     Low perm.  
34 45_20SL_2 480 0 0 120 270 0.45 X X   Moderate  
35 45_20SL_4 480 0 0 120 270 0.45 X X   Moderate  
36 45_20SL_8 480 0 0 120 270 0.45 X    Low perm.  
37 40_40SL_2 360 0 0 240 240 0.40  X   Low perm.  
38 40_40SL_4 360 0 0 240 240 0.40     Low perm.  
39 40_40SL_8 360 0 0 240 240 0.40     Low perm.  
40 45_40SL_2 360 0 0 240 270 0.45  X   Low perm.  
41 45_40SL_4 360 0 0 240 270 0.45 X X   Low perm.  
42 45_40SL_8 360 0 0 240 270 0.45 X    Low perm.  
43 40_T1_2 360 120 0 120 240 0.40  X   Low perm.  
44 40_T1_4 360 120 0 120 240 0.40 X    Low perm.  
45 40_T1_8 360 120 0 120 240 0.40 X X   Low perm.  
46 45_T1_2 360 120 0 120 270 0.45 X X   Low perm.  
47 45_T1_4 360 120 0 120 270 0.45 X X   Low perm.  
48 45_T1_8 360 120 0 120 270 0.45 X  Failed  Low perm.  
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Table 5. Performance evaluation (cont.) 
No Mix ID Cement (pcy) 
F 
Ash 
(pcy) 
C 
Ash 
(pcy) 
Slag 
(pcy) 
Water 
(pcy) w/b Slump AVA 
Setting  
time 
28-day  
Strength 
56-day 
Surface 
Resistivity 
28-day  
Shrinkage 
49 40_T2_2 360 0 120 120 240 0.40  X   Low perm.  
50 40_T2_4 360 0 120 120 240 0.40  X   Moderate  
51 40_T2_8 360 0 120 120 240 0.40     Moderate  
52 45_T2_2 360 0 120 120 270 0.45 X X   Moderate  
53 45_T2_4 360 0 120 120 270 0.45 X X   Moderate  
54 45_T2_8 360 0 120 120 270 0.45 X  Failed  Low perm.  
 
  The evaluation of slump results have been done according to ACI 211 (2002) in which 
the recommended slump for concrete pavements ranges between 25-mm and 75-mm. Based on 
this recommendation, mixtures that fell within this range were presented as “” and the ones that 
had higher slump than 75-mm limit were presented as “X”. The AVA test results were evaluated 
according to the acceptance criterion of the spacing factor of <0.3-mm. Based on this 
recommendation, mixtures with spacing factor of less than 0.3-mm were presented as “” and 
the ones that were higher than 0.3-mm limit were presented as “X”. Setting time, 28-day 
compressive strength, and 28-day shrinkage results were assessed based on comparing binary 
and ternary mixtures with their corresponding control mixtures having same w/b and target air 
contents. 56-day surface resistivity results were analyzed based on the following information: 
• <12 kΩ-cm – “High permeability” 
• 12-21 kΩ-cm – “Moderate permeability” 
• 21-37 kΩ-cm – “Low permeability” 
• 37-254 kΩ-cm – “Very low permeability” 
• >254 kΩ-cm – “Negligible” 
  Based on these evaluation criteria, a mixture with a w/b of 0.40 having 40% of slag 
cement at 4% target air content performed the best by meeting all the requirements and also 
improving the strength and durability while decreasing the shrinkage.  
  The addition of Class F fly ash in binary mixtures generally performed well in terms of 
increasing the strength when low w/b with low SCM replacement level was chosen. However, 
while providing moderate level of surface resistivity, most of these mixtures tended to increase 
shrinkage. On the other hand, increasing the replacement level of Class F fly ash decreased 
surface resistivity and shrinkage despite they adversely affected strength. However, all the 
mixtures tested in this study provided a minimum of 20 MPa which is the minimum limit for 
normal strength concrete that is commonly used in concrete pavements. Some of the mixtures 
also exceeded the workability requirements for concrete pavements. However, this effect could 
be controlled by using a lower w/b or lower superplasticizer dosage. Therefore, Class F fly ash 
(especially around 30% replacement level) in binary mixtures can be beneficiary to improve 
overall concrete pavement’s performance.  
  The addition of Class C fly ash in binary mixtures generally showed a lower performance 
than the ones with Class F fly ash since most of the Class C fly ash performed “moderate” level 
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permeability and the rest of them had “high” permeability, and also half of the Class C fly ash 
mixtures increased shrinkage. Despite of these effects, most of the mixtures with Class C fly ash 
tended to increase the strength. It should be also noted that these mixtures also increased the 
setting time although the magnitude of this effect depends on the replacement level that was 
used. However, overall, Class C fly ash performed relatively better in terms of decreasing 
permeability than control mixture.  
  Although most of the binary mixtures containing slag cement did not pass the AVA 
minimum spacing factor requirement, they generally performed “low” permeability (30% 
performed “moderate” level permeability), and the majority of the mixtures increased the 
strength.  
  All of the ternary mixtures increased the strength as compared to the control mixtures. 
Although half of the ternary mixtures had higher shrinkage than control mixtures and most of the 
ternary mixtures did not meet the AVA requirement, they generally had “low” permeability 
(30% performed “moderate” level permeability). The setting time was also increased due to the 
addition of SCMs.  
  Five out of 6 control mixtures failed the minimum AVA spacing factor requirement and 
had “high” permeability that was determined based on the 56-day surface resistivity results. Half 
of the control mixtures were within the workability requirement. Considering the impacts stated 
above, and given the SCM levels used in this study are commonly used in concrete pavements, 
binary mixtures with especially slag cement and Class F fly ash, and ternary mixtures can be 
beneficiary to use in concrete pavements as they generally lower the permeability and shrinkage 
while improving the strength. According to the obtained results, ternary mixtures overall 
performed better than control mixtures as they increased the strength and decreased the 
permeability. Although they increased the shrinkage and setting time compared to control 
mixtures, they did not perform dramatically different than binary mixtures. Especially, binary 
mixtures with slag cement did not perform significantly different than ternary mixtures. 
Therefore, ternary mixtures can be preferred due to their effect on decreasing the cost and being 
sustainable as it allows achieving similar performance with a lower cost while being sustainable.  
 
CONCLUSIONS AND RECOMMENDATIONS 
 
The effect of mix characteristics (w/b, SCM, and air content) was investigated on fresh and 
hardened properties of both binary and ternary mixtures. Test results have shown that the ternary 
blended mixtures overall improved the concrete performance by improving the workability, 
strength and durability, therefore are applicable. Ternary mixtures overall performed in 
accordance with their ingredients; however the degree of improvement that they contribute varies 
based on the selected dosage and type of SCMs. The following conclusions are made based on 
the results: 
• When w/b was kept constant, increasing air content generally had a minor effect on 
slightly increasing workability.  
• The ternary mixtures slightly retarded the setting time consistent with the effects of their 
ingredients.  
• As expected, the compressive strength is strongly influenced by the w/b and air content.  
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• Binary and ternary mixtures containing Class C fly ash and slag cement exhibited higher 
compressive strength than the control mixture. 
• Increasing w/b slightly decreased the surface resistivity. 
• The surface resistivity results of binary and ternary mixtures were equal or higher than 
the control mixture. 
• Surface resistivity is improved by the inclusion of SCMs, especially with Class F fly ash 
and slag cement. 
• Changing the SCM type and/or dosage did not significantly affect the shrinkage of binary 
and ternary mixtures. 
• The addition of Class C fly ash in binary mixtures generally showed a lower performance 
than the ones with Class F fly ash. 
• Binary mixtures with especially slag cement and Class F fly ash, and ternary mixtures 
can be beneficiary to use in concrete pavements as they generally lower the permeability 
and shrinkage while improving the strength. 
• According to the obtained results, ternary mixtures overall performed better than control 
mixtures as they increased the strength and decreased the permeability. Although they 
increased the shrinkage and setting time compared to control mixtures, they did not 
perform dramatically different than binary mixtures. Especially, binary mixtures with 
slag cement did not perform significantly different than ternary mixtures. Therefore, 
ternary mixtures can be preferred due to their effect on decreasing the cost and being 
sustainable as it allows achieving similar performance with a lower cost while being 
sustainable.  
 
  Further research is needed to investigate the different aggregate gradation systems on 
fresh and hardened properties of binary and ternary mixtures. Additional tests should be 
conducted to determine the effect of mix characteristics on the carbonation rate, bleeding, and 
freeze-thaw in ternary concrete. 
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